Radial mass-to-light ratio gradients cause the half-mass and half-light radii of galaxies to differ, potentially biasing studies that use half-light radii. Here we present the largest catalog to date of galaxy half-mass radii at z > 1: 7,006 galaxies in the CANDELS fields at 1.0 ≤ z ≤ 2.5. The sample includes both star-forming and quiescent galaxies with stellar masses 9.0 ≤ log (M * /M ) ≤ 11.5. We test three methods for calculating half-mass radii from multi-band PSF-matched HST imaging: two based on spatially-resolved SED modeling, and one that uses a rest-frame color profile. All three methods agree, with scatter 0.3 dex. In agreement with previous studies, most galaxies in our sample have negative color gradients (the centers are redder than the outskirts, and r e,mass < r e,light ). We find that color gradient strength has significant trends with increasing stellar mass, half-light radius, U − V color, and stellar mass surface density. These trends have not been seen before at z > 1. Furthermore, color gradients of star-forming and quiescent galaxies show a similar redshift evolution: they are flat at z 2, then steeply decrease as redshift decreases. This affects the galaxy mass-size relation. The normalizations of the star-forming and quiescent r mass − M * relations are 10-40% smaller than the corresponding r light − M * relations; the slopes are ∼ 0.1 − 0.3 dex shallower. Finally, the half-mass radii of star-forming and quiescent galaxies at M * = 10 10.5 M only grow by ∼ 1% and ∼ 8% between z ∼ 2.25 and z ∼ 1.25. This is significantly less than the ∼ 37% and ∼ 47% size increases found when using the half-light radius.
INTRODUCTION
The half-light radii of both quiescent and star-forming galaxies are related to their stellar masses, such that massive galaxies are larger than low-mass galaxies. This galaxy mass-size relation has now been studied over a large range of redshifts and stellar masses (e.g., Shen et al. 2003; van der Wel et al. 2014; Mowla et al. 2018) . The mass-size relation for star-forming galaxies has a relatively shallow slope. The sizes of disky star-forming galaxies seem to be proportional to the virial radii of their host dark matter halos, likely a result of conservation of angular momentum as disks form (e.g., Kravtsov 2013; Huang et al. 2017; Somerville et al. 2018) .
Quiescent galaxies, on the other hand, exhibit a much steeper slope in the r e,light − M * relation and are more compact than similar-mass star-forming galaxies at all epochs (e.g., van der Wel et al. 2014) . Furthermore, it now seems well-established that quiescent galaxies have experienced remarkable size growth over cosmic time, more than doubling their half-light radii between z ∼ 2 and z ∼ 0 (e.g., Daddi et al. 2005; van Dokkum et al. 2008; Damjanov et al. 2009; Szomoru et al. 2010; Damjanov et al. 2011; van der Wel et al. 2014 ). This extreme size evolution has led to multiple competing interpretations. In the 'inside-out growth' scenario, quiescent galaxies grow at late times via minor mergers that in-crease their radii without significantly increasing their stellar mass (e.g., Bezanson et al. 2009; Naab et al. 2009; van de Sande et al. 2013; Hopkins et al. 2009 ). In the 'progenitor bias' scenario, galaxies that quench later are larger, introducing bias into average size evolution (e.g., van Dokkum & Franx 2001; Carollo et al. 2013; Poggianti et al. 2013) .
However, these studies all rely on galaxy half-light radii. Because light is a biased tracer of mass, half-light radii are not a direct probe of the underlying stellar mass profiles of galaxies. Differences in half-mass and halflight radii arise from radial gradients in mass-to-light ratios. These radial mass-to-light ratio gradients can be physically caused by radial gradients in stellar populations: older, more metal-poor, or dustier stellar populations have higher mass-to-light ratios than younger or more metal-rich ones. Stellar mass-to-light ratio gradients can be observed as color gradients-stellar populations with high mass-to-light ratios are redder than those with low mass-to-light ratios. These color gradients bias studies of galaxy evolution that use half-light radii instead of half-mass radii. A robust catalog of galaxy halfmass radii is required to understand the effects that this bias has on studies of galaxy size evolution.
Studying galaxy color gradients also allows us to directly probe the assembly histories of galaxies, because different assembly histories naturally lead to different mass-to-light ratio profiles. For example, inside-out growth results in negative color gradients, as the accreted younger and/or lower-metallicity stellar populations primarily reside in the outskirts of the galaxy (e.g., Naab et al. 2009 ). Similarly, inside-out growth via star formation-where star formation occurs in the outer disk of a galaxy, but not its central bulge (e.g., Nelson et al. 2016 )-would result in negative color gradients. A central starburst (without extreme dust obscuration) will result in positive color gradients, where younger stars are found preferentially in the center of the galaxy. Uniform growth at all radii would result in no radial color gradient. Studying galaxy mass-to-light ratio profiles thus serves two important purposes: first, it gives us a less biased tracer of galaxy mass profiles; second, it probes the assembly histories of galaxies.
Some work has been done to understand galaxy massto-light ratio gradients, both in the z ∼ 0 and z > 1 universe. In the local universe, radial color gradients attributed to metallicity gradients have been observed in quiescent galaxies (e.g., Saglia et al. 2000; La Barbera et al. 2005; Tortora et al. 2010) . At higher redshifts, where galaxy half-light radii are smaller and observations are more difficult, it is challenging to break the age-metallicity degeneracy; still, negative color gradients implying radial variations in age, metallicity, or dust have been observed in many quiescent galaxies (e.g., Wuyts et al. 2010; Guo et al. 2011; Szomoru et al. 2012; Chan et al. 2016; Liu et al. 2017; Mosleh et al. 2017) .
Previous studies at z 1 have typically used one of two methods to study M/L variations within galaxies. The first technique exploits the empirical correlation between rest-frame color and mass-to-light ratio (e.g., Bell & de Jong 2001) . A intrinsic rest-frame color profile is constructed for the galaxy using GALFIT (Peng et al. 2002) , converted to a mass-to-light ratio profile, and used to calculate a mass profile and a half-mass radius (e.g. Zibetti et al. 2009; Szomoru et al. 2010 Szomoru et al. , 2012 Szomoru et al. , 2013 Chan et al. 2016) . The second technique uses multi-band imaging to measure the spatially-resolved spectral energy distribution (SED) of the galaxy; stellar population synthesis modeling of each spatially-resolved SED can recover the mass, age, and metallicity of the region (e.g., Wuyts et al. 2012; Lang et al. 2014) . After accounting for the effects of the point spread function (PSF), half-mass radii can then be extracted from the mass maps of the galaxy.
These techniques have different strengths and potential pitfalls, but there has not yet been a direct comparison between these two major methods for calculating halfmass radii. Furthermore, while studies at z ∼ 0 have large sample sizes (typically via the SDSS, e.g. Tortora et al. 2010) , most studies of color gradients in more distant galaxies have focused on relatively small samples (< 200) of high-mass quiescent galaxies. Only a single study, Mosleh et al. (2017) , has included a larger sample over a wider stellar mass range. Here, we wish to perform a large, systematic study of the color gradients and halfmass radii of both quiescent and star-forming galaxies over a large range of stellar masses and redshifts. This type of study requires a large, deep, multi-band imaging survey-like CANDELS (Grogin et al. 2011 )-that has excellent PSF-matching (now available from the 3D-HST collaboration, Skelton et al. 2014) .
In this paper, we use this remarkable public dataset, in combination with the multi-wavelength medium-and broad-band photometric catalog from ZFOURGE, to calculate the half-mass radii of 7,006 galaxies at 1.0 ≤ z ≤ 2.5 in a stellar mass range of 9.0 ≤ log (M * /M ) 11.5. We compare three different methods for recovering halfmass radii-two based on resolved SED modeling, and -The 7,006 galaxies included in this analysis. Galaxies are classified as star-forming or quiescent by their UVJ colors; quiescent galaxies are shown as red squares, and star-forming galaxies are shown with blue points. The mass completeness in each redshift bin is shown as a red (blue) solid line for quiescent (star-forming) galaxies.
one based on deconvolved rest-frame color gradients. We present trends between the strength of observed mass-tolight ratio gradients in galaxies and other galaxy properties such as stellar mass and Sérsic index. Finally, we focus on the implications that these half-mass radii have for the galaxy mass-size relation and its evolution over cosmic time. Throughout this paper, we assume a cosmology of Ω m = 0.3, Ω Λ = 0.7, and h = 0.7; all radii are (non-circularized) measurements of the major axis.
DATA AND SAMPLE SELECTION
2.1. Sample Selection For our sample selection, we use the multi-wavelength photometric catalogs from ZFOURGE (Straatman et al. 2016) , which overlap with the CANDELS survey in the COSMOS, GOODS-S, and UDS fields. These catalogs contain medium-and broad-band photometry spanning from the optical to IRAC, for a total of 26-40 photometric bands. Our sample consists of all galaxies in the ZFOURGE catalog with a use flag 4 equal to one, a reliable photometric or spectroscopic redshift (z q < 3), 1.0 ≤ z ≤ 2.5, high signal-to-noise ratio in the detection band (S/N K ≥ 10), log M * /M > 9.0, and a match in the 3D-HST catalog Momcheva et al. 2016; Skelton et al. 2014 , catalog crossmatching provided as part of the ZFOURGE catalogs). We select from ZFOURGE because the medium bands included as part of the survey provide extra SED coverage, which allows for better stellar population fitting.
Because the footprints of the 3D-HST and CANDELS catalogs are slightly different, we also ensure that each galaxy has CANDELS multi-band imaging (Grogin et al. 2011; Koekemoer et al. 2011) .
We classify each of these 7,006 galaxies as either starforming or quiescent by their rest-frame U − V vs V − J colors (Wuyts et al. 2007 ) using the classification from Whitaker et al. (2012) . A total of 582 galaxies (∼ 8% of the sample) are quiescent. Throughout this work, we use the stellar masses and redshifts as presented in the ZFOURGE catalog. We correct the stellar masses to be consistent with the van der Wel et al. (2012) morphological measurements by multiplying the ZFOURGE stellar masses by the ratio of the F160W flux in the van der Wel et al. (2012) GALFIT catalog and the F160W flux in the ZFOURGE catalog. On average, this small correction increases the stellar mass by 5%.
We calculate the mass completeness of both the quiescent and star-forming galaxies using a method similar to those of Quadri et al. (2012) and Tomczak et al. (2014) : we select galaxies with a S/N K close to our cutoff (10 ≤ S/N K ≤ 50), scale their fluxes and masses down to a S/N = 10, and take the 90th percentile of the resulting masses as the mass completeness. We calculate the mass completeness in three redshift bins, 1.0 ≤ z < 1.5, 1.5 ≤ z < 2.0, and 2.0 ≤ z ≤ 2.5. The 90% completeness level is, in effect, calculated at the center of each redshift bin; the lower-redshift portions of each bin are > 90% complete, and the higher-redshift portions of each bin are < 90% complete. Figure 1 shows our full sample of galaxies in stellar mass-redshift space. Star-forming and quiescent galaxies are indicated with blue points and red squares, and the mass completeness in each redshift bin is shown with a solid line. For both quiescent and star-forming galaxies at all redshifts, the sample is complete above ∼ 10 10 M .
HST Imaging & Morphologies
We make extensive use of the high-resolution multiband imaging and integrated photometry in the COS-MOS, UDS, and GOODS-S fields obtained by the CAN-DELS program (Grogin et al. 2011; Koekemoer et al. 2011) . For this analysis, we use the PSF-matched images created by the 3D-HST team (Skelton et al. 2014; Momcheva et al. 2016) .
We adopt the half-light radii and Sérsic indices for each galaxy from the morphological catalogs presented in van der Wel et al. (2012) . These half-light radii, like the halfmass radii presented later in this work, are measurements of the galaxy's major axis. We correct all half-light radii to rest-frame 5,000Å using the procedure described in van der Wel et al. (2014) . This technique applies a massand redshift-dependent correction to the measured halflight radii of star-forming galaxies. A redshift-dependent correction is applied in a similar fashion to quiescent galaxies.
METHODS
In this paper, we explore three different methods to calculate half-mass radii. We introduce a new technique that builds on the methods used by Wuyts et al. (2012) : we divide the galaxy into annuli, measure multi-band aperture photometry in each annulus, then use stellar population synthesis (SPS) modeling to fit the resulting SEDs and obtain a mass map of the galaxy. We then use two separate techniques to account for the HST PSF and derive the intrinsic mass profiles. The first approach uses a forward modeling technique that assumes the mass-to-light ratio gradient is a power-law function of radius; the second approach uses GALFIT (Peng et al. 2002) to fit the mass map of the galaxy (similar to the technique used by Lang et al. 2014; Chan et al. 2016) . Our third and final method replicates the analysis of Szomoru et al. (2010 Szomoru et al. ( , 2012 Szomoru et al. ( , 2013 , and uses the restframe intrinsic u − g color profile to create a mass profile and measure a half-mass radius. The following sections describe each of these methods in greater detail. Figure  2 shows a graphical representation of the major steps for each method, and Figure 3 shows example images and mass profiles for three galaxies in our sample. Similar to van der Wel et al. (2014) and Mowla et al. (2018) , all half-mass and half-light radii presented in this paper are measurements of the major axis of the galaxy.
3.1. Methods 1 & 2: extracting the M/L gradient in convolved space We begin by dividing each galaxy into distinct spatial regions. Because we aim to measure the radial mass profiles of galaxies, we define these spatial regions as concentric elliptical annuli; this geometry allows us to extract radial profiles much more simply than if we define regions using the Voronoi binning technique used by Wuyts et al. (2012) . The annuli are centered at the right ascension and declination of the galaxy as listed in the van der Wel et al. (2012) F160W catalog, with the same position angle as the best-fit GALFIT model in van der Wel et al. (2012) . We do not calculate half-mass radii for galaxies that do not have Sérsic models listed in the van der Wel et al. (2012) catalog. We fix the axis ratio of the annuli to a convolved version of the GALFIT axis ratio, q conv = (r 2 e + r 2 P SF )/([qr e ] 2 + r 2 P SF ), where r P SF is the half width at half maximum (HWHM) of the PSF and r e is effective radius measured by GALFIT in the F160W band. Using this convolved axis ratio allows us to extract photometry that more closely follows the geometry of the observed galaxy. The semimajor axis of each annulus is set to an integer value of r PSF ; this ensures that we are not measuring photometry on scales that are entirely "blurred out" by PSF effects. Because all images are convolved to the F160W PSF with a FWHM of 0.19 arcseconds, r PSF is equal to 0. 095 (∼ 0.5 kpc over our full redshift range).
We use the photutils python package to measure aperture photometry in each annulus, repeating the measurement for each galaxy in all available 3D-HST PSFmatched images. For galaxies in the COSMOS and UDS fields, this typically yields five bands in our resolved SED: F160W, F125W, F140W, F606W, and F814W. For galaxies in the GOODS-S field, there are typically eight bands in our resolved SED: F160W, F125W, F140W, F435W, F606W, F775W, F850LP, and F814W. Errors on the measured aperture photometry are calculated using the empty aperture scaling law described in Skelton et al. (2014) , which parameterizes the error on a photometric measurement in terms of the area of the measurement aperture and the value of the weight map in the aperture. We define the outermost annulus to be the last annulus where the signal-to-noise ratio of the photometry in the F160W band is greater than 10.0. Beyond this radius, the low S/N of the photometry in each annulus does not allow for a robust mass determination. Each galaxy has measured aperture photometry for 2-43 annuli; most galaxies have photometry in 7-10 annuli. When calculating aperture photometry, we do not include flux from pixels that are identified as part of another adjacent galaxy in the segmentation maps.
Next, we use the SPS fitting code FAST (Kriek et al. 2009 ) to independently fit the SED of each annulus. In these fits, we assume the Bruzual & Charlot (2003) stellar population library, a Chabrier (2003) initial mass function, a delayed exponential star formation history, and the Kriek & Conroy (2013) dust attenuation law. Fitting each annulus separately allows the mass, age, starformation timescale, and dust extinction of each annulus to vary independent of the best-fit values for other annuli and the best-fit values for the galaxy as a whole. The free parameters in the fit are the age, star formation timescale τ , and dust extinction A v of the annulus. The mass is not a free parameter: it is set by the overall scaling of the measured photometry. We fix the redshift of each annulus to the ZFOURGE photometric (or spectroscopic, when available) redshift of the galaxy so that different regions of the galaxy are not modeled at different best-fit redshifts. We allow log(τ /yr) to vary between 7.0 and 10.0 in steps of 0.2, log(age/yr) to vary between 8.0 and 10.0 in steps of 0.1, and A v to vary between 0.0 and 3.0 mag in steps of 0.1 mag; the metallicity is fixed to 0.02 Z . We use the FAST version 0.2 template error function.
By considering only the 5 − 8 filters where we can measure spatially resolved photometry, we are ignoring the wealth of ancillary data available in these well-studied extragalactic fields. In addition to the resolved photometry, each galaxy has integrated photometry in ∼ 20 additional filters ranging from the UV to near-IR. Following Wuyts et al. (2012) , we use this integrated photometry to adjust the best-fit model for each annulus so that the sum of the modeled SEDs for each annulus matches the observed photometry of the galaxy as a whole. Mathematically, this amounts to minimizing a χ 2 equation with two terms. The first term describes how well the SPS model for each annulus fits the resolved photometry in that annulus. This first term is what SPS fitting codes like FAST minimize:
where N annuli is the total number of elliptical annuli, N res is the number of filters with spatially resolved photometry, F i,j represents the measured flux in annulus i and filter j, M i,j represents the modeled flux in annulus i and filter j, and E i,j is the error on the measured flux for annulus i and filter j. The second term in our χ 2 function describes how well the sum of the modeled SEDs of all annuli matches the observed integrated photometry for the entire galaxy:
Here, N int is the number of bands with integrated photometry, M i,j again represents the modeled flux in annulus i and filter j, and F j represents the observed integrated photometry in filter j. To account for aperture differences between the catalog and our largest annulus, we scale the integrated photometry down by the errorweighted average of the difference between the catalog flux and sum of the annuli fluxes in all bands with resolved photometry. This correction factor is typically between ∼ 0.75 and 1. Unlike Wuyts et al. (2012) , who minimize χ 2 res + χ 2 int , we minimize
where ν is the number of bands fitted minus the number of free parameters in the fit (three: age, τ , and A v ). We account for the number of bands we fit in our total χ 2 because there are many more bands with integrated photometry than resolved photometry; without this term, the minimization essentially ignores how well the model for each annulus fits the resolved photometry in that annulus in favor of ensuring that the sum of the annuli models exactly matches the integrated photometry. This could result in the individual annuli fits, which we ultimately use to measure the mass profiles, to be quite poor.
Following Wuyts et al. (2012) , we use an iterative approach to minimize χ 2 tot . We use the best-fit values from the resolved photometry SED modeling for the age, τ , and A v of each annulus as an initial condition, and evaluate χ 2 tot . Then, we allow the age, τ , and A v of the innermost annulus to simultaneously move to an adjacent position on the FAST grid and re-calculate χ 2 tot for each of the possible new (age, τ , A v ) combinations. The age, τ , and A v for the innermost annulus that yield the smallest χ 2 tot are taken to be the new best-fit parameters for that annulus. We repeat this process of finding the new best-fit values for each of the remaining annuli in turn. We continue to repeat this process of finding new best-fit values for all annuli until χ 2 tot remains constant or we reach 500 iterations; in practice, most galaxies converge in 20 − 100 iterations. At the end of this constraint process, we have determined the best-fit age, τ , and A v for each annulus-including information from the integrated bands-and can read off the best-fit mass that corresponds to these best-fit parameters for each annulus.
We use a Monte Carlo technique to determine error bars on the mass of each annulus. We use the FAST 1σ error contour to randomly select a new best-fit starting age, τ , and A v for each annulus. We repeat the constraint process beginning from these perturbed initial conditions. Additionally, we vary the total flux values for the integrated filters according to the error bars listed in the catalog. We perform 200 of these simulations, and take the 68% confidence interval on the resulting annuli masses as our 1σ error bars. To ensure that these error bars are realistic, we enforce a minimum 10% error on the annuli masses.
To obtain a mass-to-light ratio measurement, we use EAZY to interpolate the observed aperture photometry to a rest-frame g band profile, assuming the SDSS gband filter curve. We then report mass-to-light ratios as M/L g . We also report M/L F 160W , the mass-to-light ratio in the observed F160W filter; these measurements are used in conjunction with morphologies measured from F160W images. We stress that, at this point in our analysis, the mass and M/L profiles are based on the observed (convolved-space) data, mitigating the large uncertainties that can arise when using deconvolved data.
Despite the advantages of measuring the mass profile in convolved space-namely, that the measured profile does not strongly depend on the deconvolution algorithm-measurements in convolved space can only tell us whether the half-mass radii of these galaxies are larger, smaller, or the same as their half-light radii. In this paper, we also wish to quantify how much larger or smaller the half-mass radii are than the half-light radii. This requires correcting for the PSF and moving to deconvolved space. In this paper, we use two different techniques to recover intrinsic M/L profiles and halfmass radii from the observed M/L gradients we find from spatially-resolved SED fitting.
3.2. Method 1: interpreting observed M/L gradients with a simple forward modeling technique We first test a simple forward modeling technique to fit the observed M/L F 160W profile: we make a series of models assuming different intrinsic M/L profiles, convolve each model with the PSF, then use χ 2 minimization to find the best intrinsic M/L profile and half-mass radius. Details of this method are described below.
We assume that the intrinsic 2D light profile of the galaxy follows the GALFIT-derived best-fit Sérsic model measured in van der Wel et al. (2012) using the F160W CANDELS images. We evaluate this Sérsic model on a 2D grid with the same pixel scale as the data. Then, we apply a range of possible intrinsic M/L profiles to obtain a series of possible intrinsic mass profiles for the galaxy. We parameterize the intrinsic M/L profile as a power-law function of radius r-i.e., log M/L ∝ α × log r -as suggested by, e.g., Chan et al. (2016) . The slope of the relation is allowed to vary between −2.3 ≤ log ([M/L| 2r e,light ]/[M/L| r e,light ]) ≤ 2.3; these bounds were chosen to fit the range of observed convolved M/L profiles in this sample. It is clearly possible for galaxies to have more complex radial M/L profiles than a simple power law; however, many of our galaxies are not significantly larger than the PSF and we do not typically have a large number of data points in our M/L profiles. Including a large number of parameters in our intrinsic M/L model would quickly result in overfitting.
We set the M/L profile at radii smaller than one pixel (0. 06) to the value at one pixel, and set the M/L profile at very large radii to the last value where we have measured aperture photometry. This prevents artificially 0.5 -Examples of Method 1 for three galaxies in our sample. The top row shows a color image of the galaxy, as well as a logscaled F160W image with the locations of the annuli used to extract aperture photometry. The second row shows the measured aperture photometry in each band (blue stars), the best-fit SED for each aperture (blue lines), the sum of all best-fit annuli SEDs (black line), and the integrated catalog photometry for the whole galaxy (red stars). The shade of blue used for the aperture photometry and the best-fit annulus SED matches the shade used in the top panel image (dark blue are inner annuli, light blue are outer annuli). The third row shows the measured M/L profile as a function of radius (in convolved space). Points represent the measured values for each annulus; the black dashed line shows the best-fit power-law model, and the grey shaded region shows the 1σ error bars on the best-fit model. The bottom row shows the mass profile corresponding to this best-fit model, as a function of intrinsic radius. The vertical line and shaded region represent the half-mass radius and its 1 σ error bar; the dashed line shows the half-light radius.
small (large) half-mass radii from strongly decreasing (increasing) M/L profiles.
We then convolve both the 2D light profile and all possible 2D mass profiles with the F160W PSF (using the F160W PSF for each field as provided by the 3D-HST team). We extract the 1D convolved mass and light profiles in annuli, again using the photutils python package to measure aperture photometry. The resulting model M/L F 160W profiles are arbitrarily normalized to M/L = 1 at r = r e, light . We scale the model M/L F 160W profiles to the observed M/L F 160W profile by multiplying the model by Σ(model × data)/Σ(model 2 ). Then, we calculate the χ 2 value between the modeled and observed M/L profiles and take the model with the smallest χ 2 as the best fit. If there is no model with χ 2 < 15, we do not report a half-mass radius for that galaxy.
We calculate the half-mass radius for the best-fit intrinsic mass model using the analytic 1D Sérsic profile (based on the F160W GALFIT model) instead of the 'pixelated' 2D profile to ensure accuracy. We multiply this analytic 1D Sérsic profile by the best-fit intrinsic M/L profile, and evaluate the profile out to 500 pixels (30") to ensure that we have captured the total mass of the galaxy. We then find the half-mass radius by calculating the radius where the mass profile reaches half its total value.
We use a Monte Carlo method to estimate the uncertainties of the best-fit intrinsic M/L model. We choose a new half-light radius and Sérsic index according to the error bars listed in van der Wel et al. (2012) , and create a new grid of models. We perturb the observed M/L profile according to its error bars, then use χ 2 minimization to find the best-fit model. We record the 68% confidence intervals of 200 such simulations as the 1σ error bars on the half-mass radius and M/L slope of the models. Figure 3 shows example images, SEDs, M/L profiles, and mass profiles derived using this method for three galaxies in our sample. Appendix A shows that the halfmass radii recovered using this method do not have significant biases with stellar mass, half-light radius, redshift, or the number of annuli in the fit.
Method 2: interpreting observed M/L gradients
with GALFIT We also test a second way to derive half-mass radii and intrinsic M/L gradients from the M/L profiles measured in Section 3.1. This recovery technique is similar to that used by Lang et al. (2014) and Chan et al. (2016) : we create an as-observed 2D mass map for each galaxy, then fit it with GALFIT to find the intrinsic half-mass radius. We describe this method in more detail below.
To create a mass map, we first smooth the 1D observed log M/L − log r obs profile using a cubic spline interpolation; this decreases the edge effects at the boundaries between annuli and results in better residuals on the GALFIT fits. As with the forward-modeling method described above, we fix M/L at radii larger than r max to the value at r max . Then, we map this profile from 1D to 2D using the ellipticity and position angle of the elliptical annuli. Multiplying this 2D M/L F 160W map by the original F160W image of the galaxy yields a mass map that we then fit with GALFIT.
Unlike Chan et al. (2016) , we keep the same range of allowed Sérsic indices in both the mass and light profile fits. Because the best-fit Sérsic indices for the light profiles of many compact quiescent galaxies reaches the maximum value of n = 8.0, allowing a different range of n values between the light and mass GALFIT fits may result in measurements of the half-light radii being biased with respect to measurements of the half-mass radii. Following van der Wel et al. (2012) , then, in our GALFIT fits to the mass maps we allow n to vary between 0.2 and 8.0 and r e to vary between 0.3 and 400.0 pixels. We do not fix the total mass, position, position angle, or axis ratio of the best-fit model. Because the F160W images are already sky-background subtracted, we fix the sky background to zero in the fits.
We again turn to a Monte Carlo method to determine error bars on the measured half-mass radii. We perturb each M/L measurement within its error bars, re-create a mass map, and re-fit it with GALFIT. We take the 68% confidence interval of 200 such realizations as our 1σ error bars. The error bars are dominated by uncertainties in our M/L profile, and are significantly larger than the errors estimated by GALFIT.
Method 3: The Szomoru et al. method
For each galaxy, we also derive mass profiles and halfmass radii following the method used by Szomoru et al. (2010 Szomoru et al. ( , 2012 Szomoru et al. ( , 2013 . This method relies on intrinsic surface brightness profiles, which are used to measure a restframe u−g color; an empirical relation between this color and the mass-to-light ratio is then used to derive a mass profile. We describe this method in detail below.
We fit each galaxy in all available filters using GALFIT (Peng et al. 2002) . The input image used is a ∼ 3" cutout of the 3D-HST image in a given filter, centered at the galaxy's position as listed in the van der Wel et al. (2012) catalog. As for the two methods described above, we use the images convolved to the F160W PSF; this ensures that we perform a fair comparison between the the three methods by beginning with identical data products. The 'sigma' image is constructed as the inverse square root of the 3D-HST weight image. We use the 'mask' image to exclude all pixels identified in the 3D-HST segmentation map as belonging to adjacent sources. Because all images are convolved to the F160W PSF, we use the F160W PSF as provided by 3D-HST as the input PSF for GALFIT. Following van der Wel et al. (2012), we constrain the Sérsic index n of the best fit to lie between 0.2 and 8.0, the effective radius r e to lie between 0.3 and 400.0 pixels, and the total magnitude of the best-fit model to be within three magnitudes of the galaxy's catalog magnitude in the filter being fit.
If GALFIT ran successfully -i.e., it did not reach the maximum number of iterations and there were no 'suspected numerical convergence errors' -we construct the galaxy's surface brightness profile. We measure the flux in the GALFIT residual image in concentric annuli with the same geometry as the best-fit model, then add these residuals to the best-fit Sérsic model. Following Szomoru et al. (2012), we correct the best-fit Sérsic model with residuals only out to 10kpc; the profile from 10-100kpc is not residual-corrected because of difficulties in constraining the sky background at these scales. We derive errors on the intrinsic profiles using the empty aperture scaling laws described in Skelton et al. (2014) . After ensuring that we have measured surface-brightness profiles both redward and blueward of the SDSS u and g filters, we use EAZY (Brammer et al. 2008 ) to interpolate the observed surface brightness profiles into rest-frame u and g profiles. Because of this interpolation, half-mass radii at z > 2.23-where the central wavelength of the redshifted g band is redder than the central wavelength of the F160W filter-cannot be measured using this technique.
A galaxy's rest-frame u − g color is well correlated with its mass-to-light ratio, log M/L g , primarily because changes in stellar age, metallicity, and dust attenuation are degenerate in the u − g -log M/L g space (Bell & de Jong 2001) . We use the masses and rest-frame colors for the full 3D-HST survey to determine the best-fit linear relation between u − g and log M/L g . Because the slope of the relation varies as a function of redshift (Szomoru 2013) , we derive the best-fit relation for each target galaxy in a redshift slice of width ∆z = 0.4 centered at the target's redshift. We use this best-fit relation to calculate the M/L g profile of each galaxy in our sample. We then multiply the log M/L g profile by the EAZY-derived L g profile to obtain the mass profile of the galaxy. Finally, the half-mass radius is calculated as the radius where the mass profile reaches half of its maximum value.
Errors on the half-mass radius are estimated using a Monte Carlo technique: we vary the u − g profile within its 1σ error bars, re-derive an M/L g profile, and recalculate the half-mass radius. In contrast to Szomoru et al. (2010 Szomoru et al. ( , 2012 Szomoru et al. ( , 2013 , we also include uncertainties caused by scatter in the u − g -log M/L g relation by perturbing each simulated log M/L g profile according to the observed scatter in the u − g -log M/L g relation. Table 1 lists the half-mass radii for all galaxies in the sample calculated using each of the three methods described above. Other basic galaxy properties, such as stellar mass and redshift, are also listed. The full table is available online. The total number of galaxies successfully fit with each method differs. Method 1 succeeded for 5,649 galaxies-the rest were not well-fit with our power-law model for M/L. Method 2 succeeded for 6,552 galaxies; the rest did not have successful GALFIT mass profile fits. Method 3 succeeded for 6,072 galaxies; the rest did not have measured surface brightness profiles both redward and blueward of the rest-frame u and g filters. Figure 4 compares the half-mass radii of all galaxies in our sample calculated using each of the three methods discussed in Section 3. UVJ-classified star-forming galaxies are shown in blue, and quiescent galaxies are shown in red. The black dashed line shows the one-to-one relation, and the grey dashed ellipse shows the middle 68% of the points. On average, we see that galaxy half-mass radii are remarkably consistent for all three measurement techniques.
RESULTS: HALF-MASS RADII FOR ∼ 7, 000 GALAXIES
As expected, Methods 1 & 2 (which fit the same ob- (Straatman et al. 2016) . By comparing photometric and spectroscopic redshifts, Straatman et al. (2016) estimate photometric redshift errors of ∆z/(1 + z) ∼ 0.01. d Taken from the ZFOURGE catalog (Straatman et al. 2016 ). Corrected to be consistent with morphological measurements by multiplying the catalog mass by the ratio of the total F160W flux measured by GALFIT to the total F160W flux measured in the Straatman et al. (2016) catalog. Uncertainties on stellar masses are dominated by systematics, and are estimated to be ∼ 0.2 − 0.3 dex. e From the van der Wel et al. (2012) catalogs. Corrected to rest-frame 5,000Å using the procedure in van der Wel et al. (2014) . 3 ). Red squares represent galaxies classified as quiescent using a UVJ selection; blue points represent star-forming galaxies in a UVJ selection. The grey dashed ellipse represents the 1σ error contour, and the black dashed line shows the one-to-one relation.
served M/L gradient, but use different techniques to account for the PSF), produce very consistent results. There is a typical scatter of 0.22 dex between the two measurements; the median offset between the two sets of half-mass radii is very small, with ∆r mass < 0.01 dex.
There is slightly more scatter, ∼0.3 dex, when comparing half-mass radii calculated using Method 3 to those calculated using Method 1 or 2. The Method 3 half-mass radii are also offset slightly larger than the Method 1 & 2 half-mass radii, by 0.09 dex and 0.06 dex respectively. This systematic bias is especially apparent for large starforming galaxies. Intriguingly, this is similar to the offset that Price et al. (2017) found between the intrinsic halfmass radii of simulated massive galaxies and the halfmass radii recovered using their implementation of the Szomoru et al. (2010 Szomoru et al. ( , 2012 Szomoru et al. ( , 2013 ) method (our Method 3).
The simplest explanation for the offset between the Method 3 radii when compared to the Method 1 & 2 radii is that imperfect sky modeling at large radii led to errors in the deconvolved Method 3 profiles. If the sky subtraction is not perfect at large radii, then the shape of each GALFIT profile at large radii is incorrect. Both the u and g profiles will converge to approximately the same value, the noise level. Because the outskirts of most galaxies tend to be bluer than the centers (explored further in Section 4.1), this would lead to the observed color gradient being flatter than the true, blue, gradient. Consequently, M/L would be overestimated, r mass /r light would be overestimated, and the half-mass radius for Method 3 would be overestimated. This effect would be more apparent for large galaxies, as more of their outskirts would be subsumed by residual sky noise. Since blue galaxies are typically larger than red galax-ies at fixed stellar mass, this effect is also generally more apparent for blue galaxies. Again, we note that the magnitude of the difference in half-mass radii calculated with Method 3 as opposed to Method 1 or 2 is only ∼0.3 dex.
In Appendix B, we further investigate how well the half-mass radii measured using Methods 1 and 3 agree. We show that the differences between the two sets of half-mass radii do not depend on galaxy stellar mass, redshift, Sérsic index, or U − V color.
Overall, the consistency between half-mass radii calculated with Methods 1, 2, & 3 indicates that, despite difficulties in measuring half-mass radii and in accounting for the PSF, these methods are converging towards a physically-meaningful half-mass radius. While our conclusions for the remainder of the paper do not depend on the method we use to calculate half-mass radii, we wish to pick one method as the 'primary' method to show in our plots.
Each of the three methods has its own strengths and weaknesses. Using both Methods 1 & 2, we can examine the observed-space M/L profile before performing modeling to account for the PSF. This allows us to verify whether half-mass radii are smaller, larger, or equal to half-light radii with minimal dependence on modeling. Furthermore, because these methods model the full SED of each annulus, they make use of all of the available multi-band data. Method 1 uses a fairly simple and easy-to-interpret approach to account for PSF effects; however, complex M/L profile shapes are likely not welldescribed by our power law function. Method 2-which uses GALFIT to fit a mass map-suffers from issues common to this type of modeling: it can be difficult to perfect sky subtraction at large radii, and galaxies with nonSérsic mass distributions are not modeled well. Method 3 is quite straightforward and easy-to-implement. It is also ideal for cases where only a few bands of imaging are available, because it is based off of a single color; by the same token, this method does not fully utilize the multi-band data available for the galaxies in our sample. Furthermore, by accounting for PSF effects in each band separately and then subtracting deconvolved profiles, any possible errors in the deconvolution process can have a large effect on the final half-mass radius. Considering these strengths and weaknesses, we choose to present our results below using the Method 1 half-mass radii. Again, we stress that our conclusions are unchanged if we instead use the half-mass radii from Method 2 or 3.
Quantifying the strength of galaxy color gradients
The ratio of half-mass to half-light size, r mass /r light , describes the strength of the color gradient in a galaxy. If there is no color gradient present, the half-mass and half-light sizes will be equal. If there is a weak negative color gradient, meaning that the galaxy is slightly bluer at larger radii, the half-mass size will be slightly smaller than the half-light size and r mass /r light < 1; a strong negative color gradient will result in a much smaller half-mass size than half-light size, and r mass /r light 1. Similarly, a weakly positive color gradient means that r mass /r light > 1 and a strong positive color gradient means that r mass /r light 1. By examining r mass /r light , we can examine the strength of color gradients in galaxies and how they correlate with other galaxy properties.
In Figure 5 , we show correlations between r mass /r light and galaxy stellar mass, half-light radius, the Sérsic index n measured from the galaxy's F160W light profile, U − V color, and stellar mass surface density within the circularized effective radius Σ eff = 0.5M * /(π[r e,mass × b/a] 2 ). We use a circularized half-mass radius to compute Σ eff for consistency with other works. To minimize the effects of any redshift evolution on the observed correlations, we show three different redshift intervals. We only plot galaxies with masses above the mass completeness level for each redshift interval (dashed vertical lines in left column of Figure 5 ). Small blue points and red squares show individual star-forming and quiescent galaxies, and large blue points and red squares show a running error-weighted average.
We use a least squares technique to fit a line of the form log r mass /r light = s(log M/M − 10) + b to the trend as a function of mass, a line of the form log r mass /r light = s(log r e,light /kpc − 1) + b to the trend as a function of half-light radius, a line of the form log r mass /r light = s(log n − 1) + b to the trend as a function of Sérsic index, a line of the form log r mass /r light = s([U − V ] − 1) + b to the trend as a function of U − V color, and a line of the form (log r mass /r light = s(log Σ eff − 9) + b) to the trend as a function of stellar mass surface density. We fit the individual data points, not the mean points also shown in Figure 5 . We estimate error bars on the fits by performing 500 bootstrap simulations. The best-fit slopes and intercepts for these fits, as well as their error bars, are listed in Table 2 . The best-fit relations for all parameters are also plotted in Figure 5 . The fits are outlined in grey if their slopes are consistent with zero within the 1σ error bars, and outlined in black if the slopes are not consistent with zero. We see significant trends in r mass /r light with both stellar mass, stellar mass surface density, half-light radius, U − V color, and Σ eff for blue and red galaxies. In the highest-redshift bin, the trends are generally less significant. This is likely due to flatter color gradients in this redshift interval (explored further in Figure 6 ). The strongest trend we see is in r mass /r light as a function of Σ eff . Interestingly, this trend remains significant in the highest-redshift bin, even though trends in other galaxy properties are often consistent with being flat.
To ensure that the trends we see are not driven by differences in mass completeness cuts for star-forming and quiescent galaxies at different redshifts, we also calculated the trends shown in Figure 5 while considering only galaxies with M * > 10 10.08 M . This mass corresponds to the most stringent mass completeness cut in our sample. We saw no significant differences in the best-fit relations, indicating that these trends are not driven by the exact value of our mass completeness limits.
While r mass /r light does not appear to depend strongly on Sérsic index, we do find that the color gradient strength correlates with stellar mass, half-light radius, U −V color, and Σ eff such that larger, more massive, and redder galaxies have more steeply negative color gradients. These trends are apparent both in the binned data and the values of the best-fit lines. We discuss the possible interpretations of these trends, as well as how they compare to previous studies, in Section 5.
In Figure 6 , we show the median of r mass /r light as a function of redshift for all galaxies with M * > 10 10.08 M . We see that both star-forming and quiescent galaxies in ). The rightmost column shows a histogram of re,mass/r e,light for all star-forming (blue) and quiescent (red) galaxies in the redshift range. Individual star-forming and quiescent galaxies are plotted as small light blue circles and small light red squares. The running error-weighted mean of star-forming and quiescent galaxies is plotted as large blue circles and large red squares; error bars on these mean points are the standard error on the mean (σ/ √ N ). The data set is binned such that each mean point represents the same number of individual data points. Best fits to the trends for star-forming and quiescent galaxies are shown as solid blue and red lines. Best-fit lines are outlined in black if the slopes are inconsistent with zero, and outlined in grey if the slopes are consistent with zero. The horizontal grey dashed line in each panel indicates where rmass = r light . Mass completeness limits for star-forming and quiescent galaxies are shown as blue and red dashed vertical lines in the leftmost column; galaxies below the mass completeness limits are neither included in the fits nor plotted in this figure. all redshift ranges typically have negative color gradients, where the outskirts of the galaxies are bluer-and thus likely younger, more metal-poor, or less dusty-than the centers of the galaxies. This is consistent with the histograms shown in the rightmost column of Figure 5 , which show that from 1.0 < z < 2.0, r mass /r light is clearly not centered at one. This also agrees with many previous studies (Tortora et al. 2010; Wuyts et al. 2010; Guo et al. 2011; Szomoru et al. 2013; Chan et al. 2016; Mosleh et al. 2017 ). Furthermore, we see evidence that color gradients are, on average, nearly flat at z 2, then decrease steadily towards lower redshifts. Interestingly, quiescent and star-forming galaxies show no significant differences in their color gradient strength evolution. We explore the physical interpretation of this redshift evolution in Section 5.
We note that the trend shown in Figure 6 does not appear to be driven by differences in the average stellar masses of galaxies in each redshift bin; we see the same trend if we break the sample up into two mass bins of 10.0 ≤ log M/M ≤ 10.5 and 10.5 ≤ log M/M ≤ 11.0. This trend also does not appear to be driven by small galaxies, whose half-mass radii may be more difficult to recover: the redshift evolution for galaxies with r light > 2 kpc shows the same trend as Figure 6 . Finally, we note that we see very similar trends between r mass /r light and redshift when using any of the three methods of calculating half-mass radii described in Section 3.
The galaxy mass -half mass radius relation
Because r mass /r light varies with both stellar mass (Figure 5 and redshift (Figure 6 ), the galaxy M * − r mass relation differs from the galaxy M * − r light relation. Here, we show the galaxy M * − r mass relation for star-forming and quiescent galaxies at 1.0 ≤ z ≤ 2.5.
Instead of directly fitting r mass as a function of stellar mass, we 'correct' the Mowla et al. (2018) mass-size relations from half-light radii to half-mass radii using our fits to r mass /r light as a function of mass. We take this approach because here we are interested in how the relation changes when half-mass radii are considered instead of half-light radii. By using the Mowla et al. (2018) fits as the assumed true galaxy mass-light size relation, we minimize the effects that using a smaller sample size and a slightly different fitting technique would have on our conclusions. We note that we use the Mowla et al. log Σ eff (log rmass/r light = s(log Σ eff − 9) + b) 1.0 ≤ z < 1. To obtain the M * − r mass relation, we simply multiply the Mowla et al. (2018) r light − M * relations by the r mass /r light fits shown in Figure 5 and Table 2 . The resulting r mass − M * relations are shown in Figure 7 . Each panel shows a different redshift range. Solid lines represent the Mowla et al. (2018) r light − M * relations, while the dashed lines represent our r mass − M * relations. We only calculate the r mass − M * relations for masses where both our sample and the Mowla et al. (2018) sample are complete. The light grey region in Figure 7 shows the middle 68% of 500 bootstrap realizations of the r mass − M * relation. Because galaxies tend to have smaller half-mass radii than half-light radii, the normalization of the r mass − M * relation is smaller than the normalization of the r light − M * relation for both star-forming and quiescent galaxies at all redshifts. The slope of both the star-forming and quiescent relations also clearly flattens at 1.0 ≤ z < 2.0. In the 2.0 ≤ z ≤ 2.5 used by Mowla et al. (2018) and van der Wel et al. (2014) are semi-major axis measurements, not circularized radii. bin, the slope of the star-forming relation also flattens; however, large uncertainties in the r mass /r light fit for quiescent galaxies makes it difficult to draw conclusions for this population without a larger sample of galaxies. The slope of the M * − r mass relations are still approximately constant with redshift.
In Figure 8 , we view the mass-size relation in a slightly different way: we use the best-fit mass-size relations to plot the radius at a fixed mass, M * = 10 10.5 M , as a function of redshift. The open circles show the values for the Mowla et al. (2018) fits to the r light − M * relation at 0.1 ≤ z ≤ 3.0. The filled circles show the corresponding values of the r mass − M * relation fits (calculated from Table 2 , also shown in Figure 7) . Over the 1.0 ≤ z ≤ 2.5 range studied in this paper, galaxy half-mass radii clearly evolve less than their half-light radii. While the half-light radii of star-forming galaxies at M * = 10 10.5 M increase by 1.17 
+29
−20 %). Over this redshift range, then, half-mass radii grow much less than half-light radii do. We note that the percentage growth in the half-mass and half-light radii of quiescent galaxies is consistent within the 1σ error bars; a larger sample of high-redshift quiescent galaxies is required to tighten these error bars and further investigate galaxy size growth at high redshift. Table 2 . Over the 1.0 ≤ z ≤ 2.5 range, the half-mass radii of both star-forming and quiescent galaxies evolve significantly less than their half-light radii.
mass, half-light radius, U − V color, Σ eff , and redshift, we want to ensure that they do not arise from systematic uncertainties or biases in how well we are able to recover half-mass radii.
The trends we see in color gradient strength ( Figure 5 ) are present regardless of which method we use to calculate half-mass radii. For both Method 1, Method 2, and Method 3, we find that r mass /r light is nearly flat at z 2 and decreases with decreasing redshift ( Figure 6) ; similarly, we see correlations between r mass /r light and stellar mass, half-light radius, U − V color, and Σ eff for all three methods. The values of the best-fit trends for Methods 2 & 3 are slightly different than those presented in Table 2 for Method 1, but generally agree within the error bars. While this agreement is expected because the three sets of half-mass radii are quite consistent (Figure 4 , Appendix B), it helps ensure that the trends we see are not simply a function of which method we chose to use.
All three of these methods, however, are based on the same multi-band imaging. One can imagine that it is simply easier to recover accurate mass profiles for galaxies which are physically larger on the sky-because there are more pixels-or more massive galaxies, which likely have higher signal-to-noise ratios. If this were the case, then color gradients in small or low-mass galaxies would be washed out and approach unity. These are the same trends that we see in the data. However, our methods do not appear to be significantly biased against recovering the half-mass radii of small or low-mass galaxies. In Appendix A, we test how well our primary method can recover the half-mass radii of modeled galaxies as a function of the properties of the modeled galaxy. We do not see any significant trends with half-light radius, stellar mass, or redshift. We do see that there is some dependence on color gradient, such that the half-mass radii of galaxies with negative color gradients tend to be overestimated more often than underestimated, and the half-mass radii of galaxies with positive color gradients tend to be underestimated more often than overestimated. In other words, the intrinsic color gradients are very slightly 'washed out' for all galaxies. We note that this is a 0.05 dex effect; furthermore, correcting for this would only strengthen the trends that we see in r mass /r light .
Another potential bias in the imaging data is the PSF matching. The PSF of the F606W and F814W images is significantly smaller than the F125W, F140W, and F160W images. Therefore, if these images are not PSFmatched, galaxies will appear smaller in bluer bands, where the effect of the PSF is smaller. This will result in an artificial color gradient, such that the outskirts of a galaxy will seem redder than the center. We use PSFmatched images from the 3D-HST team (Skelton et al. 2014) to mitigate this issue; however, errors in the PSF matching could similarly induce artificial color gradients. Figure 11 of Skelton et al. (2014) shows tests of the PSF matching, and they conclude that the PSF matching is accurate to 1% for all bands and all fields. We have performed similar tests on the PSF-matched images using the same method we use to extract aperture photometry of galaxies, and find similar results. Therefore, it is unlikely that the color gradients we see in this paper are due to errors in the PSF matching.
When we fit the SEDs of each annulus in a galaxy, we fix the metallicity and leave only dust, age, and star formation timescale free. However, color gradients can also be caused by metallicity gradients-by not allowing for metallicity gradients in our fits, we could be biasing the strength of the M/L gradient. We chose to fix metallicity because allowing for a variable metallicity with only 5 − 8 bands of resolved photometry results in poorly-constrained fits. The only parameter we use from the annuli SED fits is the stellar mass, which is generally considered the most well-constrained property from SED fits (and is largely agnostic to the age-metallicity degeneracy, e.g. Bell & de Jong 2001) . We are careful not to interpret the color gradients we see as gradients in any specific physical property, and focus on only the recovered half-mass radii. Significant additional work would be required to disentangle whether the gradients we see are due to age or metallicity.
Another potential concern is the effect of dust. It is possible that we are systematically underestimating the masses of optically thick regions. Until we have spatiallyresolved rest-frame mid-to far-IR data for a large number of galaxies, the best we can do is the integral constraint we use in this paper, where we ensure that the sum of the annuli SEDs matches the IRAC data points. We expect that the galaxies most likely to be affected by high dust obscuration are massive star-forming galaxies, whose centers are likely highly dust-obscured (e.g., Barro et al. 2016) . By 'missing' mass in the centers of these galaxies, we could be overestimating their halfmass radii and thus overestimating their r mass /r light . We note that this would result in an even steeper trend in r mass /r light as a function of mass than the one that we observe. We test the importance of this effect-which, again, is likely strongest for dusty star-forming galaxiesby removing all star-forming galaxies with V − J > 1.2 from our sample, re-fitting the trends shown in Figure  5 , and re-calculating the effects on the mass-size relation shown in Figures 7 & 8 . While the exact values change slightly (such that the implied growth in the halfmass radii of star-forming galaxies is 4 +17 −13 %, instead of ∼ 1%), the overall trends we see are not significantly altered by excluding dusty star-forming galaxies from our sample. Nonetheless, dust remains a significant uncertainty in this work, and our catalog of half-mass radii should be used with this consideration in mind.
Trends in r mass /r light are also affected by uncertainties in r light measurements. For this work, the most significant correction we make to r light is to follow the van der Wel et al. (2014) procedure to correct the measured F160W and F125W sizes to rest-frame 5,000Å. This correction allows us to consistently compare half-light radii for galaxies at different redshifts. While it is important to apply this correction for consistency-most other works in the literature apply this correction, including the van der Wel et al. (2014) and Mowla et al. (2018) mass-size relation papers-we note that it may affect trends in r mass /r light . For completeness, we have also studied the trends in r mass /r light as a function of other galaxy properties if we take r light to be the measured F160W size for all galaxies. All trends, at all redshifts, are still present.
We do not measure color gradients on scales smaller than the HWHM of the PSF. For small galaxies, then, we are only able to measure color gradients in the outer portions of the galaxy. Appendix A shows that we are still able to accurately recover the half-mass radii of small galaxies if their intrinsic M/L profiles are powerlaw functions of radius. If the central regions of small galaxies deviate from this power-law M/L profile, then the half-mass radii we recover for small galaxies may be biased. While we see evidence in this work (and in previous works, e.g. Chan et al. 2016 ) that a power law is a good model for the M/L profiles of galaxies, higherresolution imaging would be required to fully test this assumption for small galaxies.
Finally, our results-and the results of all observational studies-rely on the accuracy with which we can recover the intrinsic properties of galaxies from observations. Price et al. (2017) uses cosmological simulations of massive galaxies (10 10 − 10 11.5 M ) at 1.7 ≤ z ≤ 2.0 to assess how well observational techniques are able to recover stellar masses and half-mass radii. On average, they found that intrinsic half-mass radii were 0.1 dex smaller than observed half-mass radii as calculated with the Szomoru et al. (2010 Szomoru et al. ( , 2012 Szomoru et al. ( , 2013 method. However, they found substantial scatter between the recovered and intrinsic properties; in particular, the viewing angle had strong effects on the scatter in the mass-size relation. The results presented here are likely subject to these effects.
In summary, we stress that the methods for calculating half-mass radii are complex, and in some respects lie towards the edge of what is possible with current data. Half-mass radii of individual galaxies should be treated with their error bars in mind. On the whole, however, we believe that the half-mass radii presented in this paper are not affected by strong systematic biases, and that the trends we see in r mass /r light are a reflection of true trends in the data.
Comparison with previous studies
The most basic trend we see is that color gradients in galaxies tend to be negative, such that the outskirts of galaxies are bluer than the central regions. We observe these generally negative color gradients for both starforming and quiescent galaxies over the full 1.0 ≤ z ≤ 2.5 redshift range we study. This is in agreement with the consensus in the literature. Previous works explicitly measuring color gradients also find that they tend to be negative (e.g., Tortora et al. 2010; Wuyts et al. 2010; Guo et al. 2011; Szomoru et al. 2013; Chan et al. 2016; Mosleh et al. 2017 ). This effect is also seen by studies such as van der Wel et al. (2014) that calculate galaxy sizes in multiple imaging bands: galaxies appear smaller if they are measured in longer-wavelength bands, implying negative color gradients.
The dependence of galaxy color gradients on other galaxy properties is more difficult to quantify; still, previous works have studied these correlations at both z ∼ 0 and z ∼ 1 − 2. At z ∼ 0, Tortora et al. (2010) measured the color gradients of ∼ 50, 000 galaxies in the SDSS. They find that color gradients are stronger for both higher-mass and larger galaxies, consistent with the trends we find at 1 ≤ z ≤ 2. They additionally find that the strength of color gradients in quiescent galaxies seems to plateau at log M/M ≥ 11. Our data does not replicate this trend, perhaps due to the relatively low number of very high-mass quiescent galaxies in our sample or to genuine evolution of the high-mass quiescent population between z ∼ 1 and z ∼ 0. Tortora et al. (2010) attribute the trends they see mainly to metallicity gradients, while age gradients play a smaller but still significant role (see also Greene et al. 2012 Greene et al. , 2015 . In this study, we are unable to separate the effects of age and metallicity.
At z > 0, previous studies have typically been hampered by small sample sizes, and have generally not found significant relationships between the strength of color gradients and other galaxy properties. For example, Chan et al. (2016) did not find significant correlations between r mass /r light and stellar mass, size, or Sérsic index in a sample of massive cluster galaxies at z ∼ 1.4. Szomoru et al. (2013) found that r mass /r light had no correlation with galaxy mass or surface density; they found very weak trends such that r mass /r light was smaller for galaxies with higher Sérsic indices, smaller sizes, and lower sSFRs. The discrepancy between the Szomoru et al. (2013) and Chan et al. (2016) results and the results presented in this paper are almost certainly due to large differences in sample size and mass range: the Szomoru et al. (2013) study only included 177 galaxies with log M * /M > 10.7, and the Chan et al. (2016) only studied 36 quiescent galaxies with log M * /M > 10.2; our analysis includes more than an order of magnitude more galaxies and spans two additional orders of magnitude in stellar mass. We note that if we consider only the quiescent galaxies in our sample with log M * /M > 10.7, we would see similarly weak or non-existant trends between color gradient strength and other galaxy properties. Our large sample size and long lever arm on stellar mass are thus crucial to see the clear dependence of r mass /r light on both stellar mass, half-light radius, U − V color, Σ eff , and redshift. Mosleh et al. (2017) used CANDELS data to calculate the half-mass radii of ∼ 2, 000 galaxies at 0.5 < z < 2.0. Similar to our results, they find that the half-mass radii of star-forming galaxies evolve much more slowly than their half-light radii, and that color gradient strength depends on stellar mass. However, they find that the growth of quiescent galaxies is not significantly affected by color gradients. This discrepancy is likely due to differences in the methods used to calculate half-mass radii. Mosleh et al. (2017) find the best-fit single Sérsic model for each band of imaging, then-without correcting for residuals-divide these fits into 1D spatial bins. They use SED fitting to find the mass in each bin, and fit the resulting mass profile with another Sérsic model to extrapolate the mass profile to large radii. Using this method, the final half-mass radii depend strongly on the initial Sérsic fits to each band of imaging data; errors on these fits do not appear to be included in the uncertainties on the final half-mass radii. Because this method is quite comparable to our Method 3 without the residual correction step, we do not implement it in this paper.
5.3. Physical interpretation of the trends in color gradient strength In Section 4.1, we see that r mass /r light decreases with increasing stellar mass, increasing half-light radius, increasing U − V color, and increasing stellar mass surface density. Each of these trends is self-consistent in the framework of known galaxy correlations: more massive galaxies tend to be larger (the mass-size relation, e.g. Shen et al. 2003; van der Wel et al. 2014; Mowla et al. 2018) and have redder colors (e.g. Williams et al. 2009 ). U − V color is also a proxy for sSFR-galaxies redder in U − V have lower sSFRs (e.g. Williams et al. 2009 ). The main degeneracy when using U − V as a sSFR proxy is between dusty star-forming galaxies and quiescent galaxies at the same U − V ; our UVJ selection has effectively separated these populations. So, the trend in r mass /r light as a function of U − V tells us that, to first order, starforming galaxies with lower sSFRs tend to have lower r mass /r light . Again, this fits into the framework of galaxy correlations: due to the shallow slope of the star-forming main sequence (e.g., Whitaker et al. 2012 ) more massive galaxies tend to have lower sSFRs.
While we do see that star-forming and quiescent galaxies occupy different regions of stellar mass, half-light radius, Sérsic index, U − V , and Σ e space, the trends in r mass /r light extend smoothly across the two populations. While the values for the best-fit trend lines (Table 2) are somewhat different, the fits generally overlap within the error bars. This lack of bimodality in color gradient strength seems to suggest that color gradients may gradually become stronger as galaxies evolve from starforming to quiescent.
Our findings are broadly consistent with the insideout growth scenario. Before they quench, star-forming galaxies form new stars preferentially at large radii (Nelson et al. 2016; Hill et al. 2017) , causing negative color gradients. Once they become quiescent, galaxies grow their sizes via minor mergers, which 'puff up' the outskirts of the galaxy with bluer younger and/or lowermetallicity stars accreted in the mergers (e.g. Bezanson et al. 2009; Naab et al. 2009 ). This would further steepen negative color gradients. This scenario could also explain why color gradients in quiescent galaxies are stronger at lower redshift: they have had more time to build up their bluer outer envelopes via mergers. Our basic findings are also consistent with other proposed quenching mechanisms that operate "inside-out," such as quenching via wet compaction (e.g., Zolotov et al. 2015) .
In a forthcoming paper, we will split our sample of galaxies by rest-frame SED shape (Kriek et al. 2011) and study the strength of color gradients in different types of galaxies. By going beyond a simple 'star-forming or quiescent' selection, we hope to test whether trends in color gradients change smoothly as galaxies evolve. We will also test whether recently-quenched galaxies have different half-mass radii or color gradients than older quiescent galaxies; this may provide clues to the physical mechanisms behind the processes that quench galaxies.
5.4. Implications for the mass-size relation and its evolution with redshift The r mass − M * and r light − M * relations have several notable differences. Because galaxy color gradients tend to be negative, the intercept of the mass-size relation is smaller for half-mass radii than it is for half-light radii. This is true for both star-forming and quiescent galaxies at 1.0 ≤ z ≤ 2.5. However, half-mass radii are not smaller than half-light radii by a consistent amount across all redshifts: high-redshift galaxies tend to have r mass /r light ∼ 1.0, whereas lower-redshift galaxies tend to have r mass /r light ∼ 0.7. This implies that there is less evolution in the r mass − M * relation than there is in the r light − M * relation. This trend can clearly be seen in Figure 8 , where we show that at M * = 10 10.5 M and over the 1.0 ≤ z ≤ 2.5 redshift range, half-mass radii only increase by about ∼one-third the amount that halflight radii increase (however, this measurement has large error bars).
This slower size evolution sheds light on a longstanding question about the cause of the rapid size growth of qui-escent galaxies at z 1. Both the growth of individual galaxies and growth of the population as a whole (i.e., progenitor bias) can contribute to observed size growth. However, several studies have shown that neither the growth of individual galaxies via minor mergers (e.g., Nipoti et al. 2009; Newman et al. 2012; Bédorf & Portegies Zwart 2013 ) nor progenitor bias (Belli et al. 2015) alone is enough to account for the observed evolution in the half-light radii of galaxies between z ∼ 2.5 and z ∼ 1. It appears that each method for size growth can only account for up to ∼ 50% of the observed increase in half-light radii (Newman et al. 2012; Belli et al. 2015 ). Here we show that the explanation for this remarkable size growth may simply be that the growth is not as rapid as was previously thought: the half-mass radii of quiescent galaxies at M * = 10 10.5 M only increase by 8
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−19 % between z = 1.25 and z = 2.25, less than the 47 +25 −21 % increase in their half-light radii (Figure 8) . It it therefore possible that minor mergers (or progenitor bias) alone is enough to account for the growth in the half-mass radii of quiescent galaxies.
Because our current study focuses on the 1.0 < z < 2.5 redshift range, we cannot address in detail how color gradients affect the size growth of quiescent galaxies below z = 1 (Figure 8 ). We can, however, use low-redshift color gradient studies to estimate the median half-mass radii of z = 0 quiescent galaxies. We assume that z = 0 quiescent galaxies have power-law M/L profiles which decrease from M/L g ∼ 0.8 to M/L g ∼ 0.3 − 0.4 from 0-2.5r e , as suggested by the M/L g profiles for E and S0 galaxies in Fig. 2 of García-Benito et al. (2019) . We also assume that the light profiles of these galaxies are well-described by a n ∼ 4.5 Sérsic profile (e.g., Mowla et al. 2018) . Then, we calculate the mass profiles and half-mass radii in a similar fashion to our Method 1. We estimate that r mass /r light ∼ 0.55 for z = 0 quiescent galaxies. This implies that color gradients may continue to evolve slightly below z = 1. By applying this color gradient correction to the effective radii of low-redshift galaxies (Figure 8 ), we can calculate the effect on galaxy size evolution: between z ∼ 2.5 and z ∼ 0, the half-mass radii of galaxies may grow by only half of the amount that galaxy half-light radii grow. However, we caution that this estimate is subject to large uncertainties-the data sets, sample selection, and methods used to calculate color gradients at z ∼ 0 and z > 1 are substantially different. Careful future analysis is required to fully understand the growth of half-mass radii over cosmic time. In a forthcoming paper, we will calculate the half-mass radii of 0.25 < z < 1.0 galaxies in the CANDELS fields using the same methods presented in this paper. By using a uniform data set and methodology, we hope to understand in detail how quiescent galaxies grow over cosmic time.
The dependence of color gradient strength on redshift also has implications for star-forming galaxies: their halfmass radii at M * = 10 10.5 M increase by only 1 +16 −13 % between z = 1.25 and z = 2.25, significantly less than the 37 +20 −15 % increase in their half-light radii. This may affect the nearly-linear scaling seen between the effective radii of galaxies and the virial radii of their host dark matter halos, and the resulting predictions for the redshift evolution of average disk effective radii (Kravtsov 2013; Huang et al. 2017; Somerville et al. 2018 ). However, re-creating these abundance matching analyses using our catalog of half-mass radii is beyond the scope of this paper.
We note that-like the r light −M * relations-the starforming and quiescent r mass − M * relations converge at the highest masses. Even when using half-mass radii, it is impossible to tell massive quiescent galaxies apart from massive star-forming galaxies by size alone. It is tempting to interpret the high-mass convergence of the two relations as part of an evolutionary sequence: perhaps one path to quiescence involves galaxies growing along the star-forming mass-size sequence until they reach a critical mass, after which they quench. This evokes the 'parallel track' galaxy evolution model proposed in van Dokkum et al. (2015) . Our forthcoming paper will examine this in more depth by studying where galaxies with different rest-frame SED shapes lie in mass-size space, and how galaxies evolve through mass-size space to build up the star-forming and quiescent mass-size relations we see in Figure 7 .
CONCLUSIONS
In this paper, we present the largest study to date of galaxy color gradients and half-mass radii at z > 1. We have tested three different methods for recovering galaxy half-mass radii from multi-band imaging. Two methods use a spatially-resolved SED modeling technique inspired by Wuyts et al. (2012) to measure observed M/L gradients. We then account for the effects of the PSF in two separate different ways: the first method uses a simple forward modeling technique that assumes the instrinsic M/L gradient is a power-law function of radius, and the second technique uses GALFIT to fit a mass map of the galaxy. Our third and final method replicates the analysis of Szomoru et al. (2010 Szomoru et al. ( , 2012 Szomoru et al. ( , 2013 by using an intrinsic rest-frame color profile to infer a mass profile and half-mass radius. We find that all three methods produce remarkably consistent half-mass radii, with a scatter of 0.22 dex between the first two methods, and a scatter of ∼ 0.3 dex between those two methods and the Szomoru et al. (2010 Szomoru et al. ( , 2012 Szomoru et al. ( , 2013 method. The full catalog of galaxy half-mass radii calculated using each of these three techniques is released along with this paper (Table 1) .
With galaxy half-mass radii in hand, we study the strength of galaxy color gradients-quantified by the ratio of half-mass to half-light radius r mass /r light -as a function of various galaxy properties. We find that in general, both star-forming and quiescent galaxies have negative color gradients, such that they are redder in the centers and bluer on the outskirts. This result agrees with previous studies at both z ∼ 0 and z > 1. The strength of these color gradients is, however, found to be a function of other galaxy properties. These trends have not been seen before in studies of color gradients at z > 1; we are able to detect them due to our large sample size (more than an order of magnitude more galaxies than most previous studies) and large range of galaxy stellar masses. We find that color gradients become more strongly negative as galaxies become more massive, larger, and redder. Interestingly, these trends stretch across the star-forming and quiescent population smoothly without a clear bimodality. Furthermore, we measure significant evolution in the color gradient strength of both quiescent and star-forming galaxies as a function of redshift: color gradients are nearly flat at z 2, then decrease steadily as redshift decreases. In total, r mass /r light decreases by ∼ 0.3 dex between z ∼ 2 and z ∼ 1.
The observed trends appear consistent with the 'insideout growth' scenario (Bezanson et al. 2009; Naab et al. 2009; Nelson et al. 2016 ). Star-forming galaxies at these redshifts preferentially form stars in their outskirts; perhaps coupled with bulge growth, this would cause flat color gradients to become negative. Once galaxies quench and become quiescent, they grow their sizes via minor mergers, which introduce young and/or metalpoor stars to the galaxy outskirts; this also causes color gradients to decrease with time.
Finally, we used the dependence of r mass /r light as a function of stellar mass and redshift to determine the effect of color gradients on the galaxy mass-size relation. Both the intercepts and the slopes of the quiescent and star-forming r mass − M * relations are smaller than those of the r light − M * relations. Moreover, we find that galaxy half-mass sizes grow less rapidly with redshift than half-light sizes: at M * = 10 10.5 M , the half-mass radii of star-forming and quiescent galaxies only grow by 0.04 Further work remains to be done to understand galaxy half-mass radii and color gradients at z > 0. In particular, in this study we are unable to determine the physical origin of galaxy color gradients, as we are not able to differentiate between the effects of age and metallicity. Dust is also a concern in this work: regions with very high attenuation may not be accounted for in any of the three methods we use, and our half-mass radii for very dusty galaxies should be treated with some caution. It is an open question whether the trends we see in color gradient strength as a function of redshift hold at lower or higher redshifts; examining color gradients over a wider redshift range could have further implications for the size growth of galaxies over cosmic time. Finally, the results presented here raise interesting questions as to how galaxies evolve and quench over the 1.0 < z < 2.5 redshift range. In a future study, we will examine the color gradients and half-mass radii of galaxies as they transition from star-forming to quiescent.
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APPENDIX

HOW WELL DOES METHOD 1 RECOVER HALF-MASS SIZES?
In this Appendix, we assess whether Method 1 has significant systematic biases in recovering the half-mass radii of small, low-mass, or high-redshift galaxies. We begin by taking the half-light radius, Sérsic index, annuli boundaries, and M/L gradient error bars for an observed galaxy in our sample. We use these quantities to model a hypothetical galaxy with a known half-mass radius: we assume that this galaxy has a 'true' M/L gradient parameterized as a power-law function of radius, and use the galaxy's light profile to calculate the resulting mass profile. We convolve this mass profile with the PSF and extract a convolved M/L gradient. To ensure that we have realistic error bars, we assume that the error bars on this convolved M/L gradient are the same as the error bars we measured for the real galaxy, with an unknown intrinsic M/L profile. We randomly perturb the convolved M/L gradient within these error bars to produce an 'as-observed' M/L gradient for this galaxy.
Then, we check how well Method 1 is able to recover the 'true' M/L gradient from the 'as-observed' M/L gradient. As described in Section 3.2, we perturb the galaxy's n and r e , generate a set of possible convolved-space M/L gradients, then use the χ 2 statistic to find the best-fit model. We then compare the recovered half-mass radius with the 'true' half-mass radius that we chose for this galaxy.
We repeat this test using the n, r e , annuli boundaries, and M/L gradient error bars of every galaxy in our sample that lies in the COSMOS field. Additionally, for each galaxy we assume 27 different 'true' M/L gradient slopes covering the full range of M/L slopes we include in Method 1. Figure 9 shows the ratio of the recovered half-mass radius to the 'real' half-mass radius as a function of half-light radius, stellar mass, M/L gradient slope, redshift, and number of annuli. The scatter between the recovered and true half-mass radii is 0.1 dex, and the two measurements have an offset of < 0.001 dex. There does not appear to be any significant trend in how well we are able to recover the half-mass radii with either half-light radius, stellar mass, redshift, or number of annuli. There is a slight trend with M/L gradient such that the half-mass radii of galaxies with strongly decreasing M/L gradients are slightly more difficult to recover than those with strongly increasing M/L gradients; this ∼ 0.05 dex effect does not significantly affect our measurements. number of annuli Fig. 9 .-Ratio of recovered to real half-mass radius as a function of half-light radius, stellar mass, M/L gradient, redshift, and number of annuli. The grey dashed line indicates where the recovered and real half-mass radii are equal. The green line shows the running median, and the blue lines show the 5% and 95% confidence intervals. In general, the scatter in the recovered half-mass radii are quite low, and there do not appear to be significant biases in how well Method 1 is able to recover the half-mass radii of small, low-mass, low-S/N, or high-redshift galaxies. Thus, the trends shown in Figures 5 & 6 are not explained by biases in how well our methods are able to recover half-mass radii. It does appear that the half-mass radii of galaxies with strongly decreasing M/L gradients are slightly more difficult to recover than those with strongly increasing M/L gradients. log eff (M kpc 2 ) Fig. 10 .-Ratio of Method 1 to Method 3 half-mass radii as a function of galaxy stellar mass, redshift, half-light radius, Sérsic index, U − V color, and Σ eff . We include all galaxies with stellar masses above 10 10 M to ensure the sample is complete at all redshifts. Light blue points and light red squares represent individual galaxies. Large blue circles and red squares represent error-weighted means. The points are binned such that each mean point represents an equal number of individual data points.
DO DIFFERENCES BETWEEN METHOD 1 AND METHOD 3 HALF-MASS RADII DEPEND ON GALAXY PROPERTIES?
In Figure 4 , we show that the half-mass radii derived using three different methods generally agree. In this Appendix, we show in more detail that the differences between Method 1 and Method 3 half-mass radii do not depend on other galaxy properties studied in this paper. Figure 10 shows the ratio of Method 1 to Method 3 half-mass radii as a function of other galaxy properties. While there is ∼ 0.3 dex of scatter between the two methods of measuring half-mass radii, there are no significant trends with stellar mass, redshift, half-light radius, Sérsic index, or U − V color. There is a slight trend with Σ eff , such that Method 3 predicts higher half-mass radii than Method 1 for galaxies with higher Σ eff . If Method 3 half-mass radii were used in Figure 5 instead of Method 1 half-mass radii, the trend with Σ eff would be slightly less steep (but is still significant). All other trends would be essentially unchanged.
